Background: Direct (DIR) or indirect (IND) revascularization of pedal angiosomes in patients with chronic limbthreatening ischemia (CLTI) has an unclear impact on limb salvage and healing. The aim of this study was to evaluate the outcomes of DIR and IND revascularization in patients with a peroneal bypass and tissue loss.
Peroneal bypass for limb salvage in patients with severe chronic limb-threatening ischemia (CLTI) is not a new concept. Previous studies have demonstrated the benefit of bypass to the peroneal artery for pedal gangrene. [1] [2] [3] In patients with tissue loss (ulcer or gangrenous pedal lesions) and a peroneal artery as the only patent artery in the leg, choices for revascularization are limited to peroneal bypass. Whereas peroneal bypass requires less autogenous conduit than inframalleolar bypass, its efficacy depends on the patency of its branches. Furthermore, according to the angiosome concept as applied to CLTI and to the location of foot tissue loss, many bypasses to the peroneal artery represent indirect revascularization with a risk of a less favorable result on limb salvage and healing. 4 However, studies have shown opposing views regarding the role of angiosomeoriented revascularization in both open [5] [6] [7] and endovascular procedures. 8, 9 Given this controversy, the purpose of our study was to report limb salvage, amputation-free survival, and wound healing rates in patients with CLTI and tissue loss with only a patent peroneal artery and who received a peroneal bypass according to the location of the wound within or outside a peroneal angiosome, the patency of one or two terminal branches of the peroneal artery, and the patency of the pedal arch.
The Wound, Ischemia, and foot Infection (WIfI) classification was used to assess the degree of the ischemic component, infection, and wound characteristics in each limb. 10 
METHODS
We conducted a retrospective review of a prospectively maintained database of lower limb bypasses in two European university centers from 2004 to 2015. Data collection was performed by reviewing patient records including wound photographs and imaging files. All patients with CLTI , with only a patent peroneal artery to the ankle, and having received a peroneal bypass were included in the study. As data have been anonymized, informed consent was waived by the ethical committees of both universities.
Patient risk factors including diabetes mellitus, chronic renal failure, hypertension, symptomatic ischemic heart disease, and smoking were documented and reported according to the Society for Vascular Surgery. 11 Clinical presentation with wound characteristics, infection, operative details, and follow-up entered prospectively in the database were analyzed retrospectively for this study. Hospital and foot clinic charts with preoperative hemodynamic data, wound description, and photographs available were analyzed by two senior authors (J.B.R., A.S.). To account for correlation of bypass within patients, only the first peroneal bypass in the same patient was analyzed. If the patient had received a contralateral peroneal bypass, it was ignored and was not included in the study. The WIfI classification was used to assess the degree of the ischemic component, infection, and wound characteristics in each limb. 10 In brief, this new framework is based on three major factors that affect clinical management: wound, ischemia, and foot infection. Wounds were stratified from grade 0 to grade 3 on the basis of size and depth. Ischemia was defined according to the ankle-brachial index. If the anklebrachial index was unreliable or unsuitable, toe pressures were performed, particularly in patients with diabetes or medial calcinosis. Finally, infection grades were assessed from uninfected (score 0) to local infection (grade 1), local infection involving structures deeper than skin (grade 2), and local infection with systemic inflammatory responses (grade 3). Wound débridement or minor amputations were performed immediately after the wounds made for bypass surgery were closed, except in case of general sepsis with abscess or wet gangrene presenting a need for urgent débridement before bypass. During follow-up, all dressings were performed in a foot clinic. Wounds that were opened at 6 months were considered nonhealed, even if those wounds had healed temporarily before. In this series, multiple wounds were found in 26 limbs, 7 of them within a peroneal angiosome, 15 outside a peroneal angiosome, and 4 overlapping a peroneal and anterior tibial artery angiosome. In these four cases, the larger and deeper wound was selected for classification in the appropriate angiosome (ie, peroneal in three limbs and anterior tibial in one limb).
All patients underwent preoperative digital subtraction angiography with images taken in two planes to delineate the patency of each peroneal branch and pedal arch (Fig 1) . A patent pedal arch was defined as Rutherford grade 0-1 with an uninterrupted connection between one or two peroneal branches with the deep pedal artery or the first dorsal metatarsal artery. An incomplete pedal arch was defined as Rutherford 2-3 with an occlusion or $50% stenosis of the pedal arch. 11 These 120 patients had only one peroneal artery patent with gangrene or ischemic wound of the foot. All other leg arteries were occluded. The decision to proceed with a peroneal bypass was made by the vascular team. Some moribund patients were not operated on and some patients with Rutherford 6 were amputated from the outset, but we do not have these numbers. The foot and ankle area is divided into six angiosomes as described by Taylor and Palmer, 12 with one angiosome fed by the anterior tibial artery, three angiosomes by the posterior tibial artery, and two angiosomes by the peroneal artery that supplies the lateral ankle and plantar heel through the lateral calcaneal artery and the anterior ankle through its anterior perforator (Fig 2) . Type of vascularization according to the wound location was classified before surgery on preoperative arteriography as direct (DIR), when the tissue loss matched a peroneal angiosome, and indirect (IND), when the tissue loss did not match the peroneal angiosomes. Availability for superficial veins was achieved by preoperative duplex ultrasound mapping. Our policy was to systematically use an autogenous vein for below-the-knee bypass, including arm veins. Polytetrafluoroethylene graft was used when no autogenous vein was available in either lower limbs or arms. Postoperative anticoagulation was maintained throughout the hospitalization period using low-molecular-weight heparin. Antiplatelet and statin therapy was initiated preoperatively and maintained postoperatively.
ARTICLE HIGHLIGHTS
End points. Limb salvage was defined per Rutherford reporting standards.
11 Amputation-free survival was defined as freedom from major amputation in the limb on which the bypass was performed or from death whatever the cause, whichever occurred first. The clinical outcome of the wound was defined as healed when full skin closure was achieved.
Statistical analysis. Statistical analysis was performed using MedCalc statistical software (MedCalc Software, For univariate analysis, Kaplan-Meier method with log-rank test was used to compare amputation-free survival curves in two groups. Kaplan-Meier was completed by multivariate analysis using the Cox proportional hazards method analyzing the effect of several risk factors on amputation-free survival, assuming that the effects of the predictor variables were constant over time. Statistical significance was defined as P < .05.
RESULTS
From January 2004 through October 2015, there were 120 patients (median age, 78 years; interquartile range, 48-90 years), including 87 men (72%) with CLTI and tissue loss and only a patent peroneal artery to the foot, who underwent 120 peroneal bypasses. Mean follow-up was 79 6 6 months. The patients' baseline characteristics are summarized in Table I , and characteristics of procedures and WIfI grades are described in Table II . Seventy events occurred and 50 patients were censored. Six patients were lost to follow-up during the first 3 years after surgery, and standard error never exceeds 7% on life tables.
General anesthesia was carried out in 76 procedures (65%) and locoregional anesthesia in 44 (35%). Three in-hospital deaths occurred (2.5%), one due to stroke and the two others to acute myocardial infarction. Foot tissue loss, which was present in all patients, required toe amputation in 38 limbs (32%) and transmetatarsal Autogenous veins including arm veins were used in 102 bypasses (85%), polytetrafluoroethylene grafts in 10 (8%), and a composite bypass in 8 (7%). Ten legs (8%) with inflow disease underwent successful angioplasty during the same procedure. The site of proximal anastomosis was the common femoral artery in 98 (82%) bypasses, the superficial femoral artery in 14 (12%), the deep femoral artery in 5 (4%), and the popliteal artery in 3 (2%).
The site of the distal anastomosis was the proximal third of the peroneal artery in 48 limbs (40%), the mid peroneal artery in 52 (43%), and the distal peroneal artery with resection of the fibula in 20 (17%). Median length of stay was 13 days (interquartile range, 8-19 days).
Limb salvage, amputation-free survival, and healing DIR revascularization or IND angiosome revascularization. Limb salvage at 3 years in 55 patients with DIR revascularization was 72.4% 6 6.7% compared with 69.8% 6 6.7% in 65 patients with IND revascularization Values are reported as number (%). Data are reported for the overall series (N ¼ 120 patients) with DIR and IND revascularization. The WIfI system 10 was used to classify the patient at the time of initial presentation. Risk stratification is based on three major factors that affect clinical management: wound, ischemia, and foot infection.
Fig 2.
The foot and ankle area is divided into six angiosomes, with one angiosome fed by the anterior tibial artery, three by the posterior tibial artery, and two by the peroneal artery that supplies the lateral ankle and plantar heel through the lateral calcaneal artery and the anterior ankle through its anterior perforator. Neighboring angiosomes are connected to each other by a network of small collateral arteries.
(P ¼ .73; Fig 3, A) . Amputation-free survival at 3 years in patients with DIR revascularization was 54.9% 6 7.3% compared with 56.5% 6 6.3% in patients with IND revascularization (P ¼ .44; Fig 3, B) .
Diabetes mellitus. Amputation-free survival at 3 years in 69 patients with diabetes was 43.7% 6 6.2% compared with 73.1% 6 6.7% in 51 patients without diabetes (P ¼ .002; Fig 4, A) .
WIfI grades. Amputation-free survival at 3 years in 24 patients with grade 1 or grade 2 WIfI was 87.4% 6 8.3% compared with 48.4% 6 5.3% in 96 patients with grade 3 or grade 4 WIfI (P ¼ .001; Fig 4, B) .
Peroneal branches. Amputation-free survival at 3 years in 44 patients with two patent peroneal branches vs 76 patients with one patent peroneal branch was 74.8% 6 6.9% compared with 45.0% 6 6.0%, respectively (P ¼ .003 ; Fig 4, C) .
Pedal arch. Amputation-free survival at 3 years in 44 patients with a patent pedal arch (Rutherford 0-1) was 73.0% 6 7.0% vs 45.7% 6 6.0% in 76 patients with incomplete pedal arch (Rutherford 2-3; P ¼ .0002 ; Fig 4, D) . Wound healing. Complete wound healing was obtained at 6 months in 58.2% 6 6.6% of 65 patients with IND revascularization compared with 42.5% 6 6.0% in 55 patients with DIR revascularization (P ¼ .19; Fig 5, A) .
Complete wound healing at 6 months in 24 patients with grade 1 or grade 2 WIfI was 75.2% 6 6.7% compared with 42.5% 6 5.0% in 96 patients with grade 3 or grade 4 WIfI (P ¼ .005; Fig 5, B) . Of note, complete wound healing at 6 months was 79.4% 6 6.5% in patients with two patent peroneal branches and 68.6% 6 7.8% in patients with a patent pedal arch.
Overall survival was 69.2% 6 5.3% at 3 years. Survival was significantly lower in patients with chronic kidney disease (55.7% 6 8.9%) than in patients with normally functioning kidneys (75.8% 6 4.4%; P ¼ .001).
Cox regression analysis. Cox regression analysis (Table III) 
DISCUSSION
We have shown in this study that in patients with CLTI and tissue loss receiving a peroneal bypass on the last patent artery, limb salvage and healing had more to do with peroneal artery outflow tract and pedal arch patency than with location of the tissue loss in a given peroneal angiosome. These findings suggest that the peroneal artery outflow is dependent on secondary channels connecting its branches to the pedal arch or to other branches that feed the tissue loss indirectly. This dependency underscores the importance of the patency of peroneal branches for limb salvage and amputation-free survival as shown in Fig 3. The particularity of the peroneal artery consists in the fact that it does not end in direct communication with the major pedal vessels and that it vascularizes only two peroneal angiosomes of limited extent. As most of the ulcers or gangrenous lesions were in the midfoot or in the forefoot, the entire DIR series was possible in only 55 limbs (46%). In a comparable series of 106 bypasses, Kret et al 13 found that only 36% of wounds were located in a single angiosome, and DIR was possible in only half of the patients and did not influence limb salvage and amputation-free survival. First suggested by Taylor and Palmer in 1987, 12 the angiosome concept is based on the examination of 2000 fresh cadavers that were injected with ink to determine vascular territories that would contribute to the understanding of plastic surgery. However, they did not specifically study limbs with peripheral arterial disease, and critics have suggested that the progressive nature of peripheral arterial disease leads to the development of collateral arterial networks with a functional vascular anatomy distinct from angiosome mapping.
Other reports dealing specifically with angiosomebased distal bypass offer mixed results. Neville et al 5 performed a retrospective analysis of DIR vs IND revascularization. In this series, time to complete wound healing and rate of major amputations were not significantly different between the two groups. In another series by Azuma et al, 6 after matching of DIR and IND revascularization by propensity score, both healing rate and limb salvage were similar between groups. In our groups, we found comparable results in univariate and multivariate analysis for angiosome DIR and IND revascularization. In addition, diabetes, poor peroneal runoff, and incomplete pedal arch were associated with a twofold increase of the risk of death or amputation. These findings are in line with those of Rashid et al, 14 who demonstrated that healing of foot tissue loss was directly influenced by quality of the pedal arch rather than the angiosome revascularized. The concept of angiosome as applied to patients with CLTI was recently challenged by Rother et al, 15 who examined, in a prospective study, microcirculation Kaplan-Meier analyses of amputation-free survival rate in patients with diabetes vs no diabetes (A), in patients with Wound, Ischemia, and foot Infection (WIfI) grades 1 and 2 vs WIfI grades 3 and 4 (B), in patients with two patent peroneal branches vs one patent branch (C), and in patients with a patent pedal arch vs none (D). Amputation-free survival was significantly improved in patients without diabetes (log rank, P ¼ .002), in patients with WIfI grades 1 and 2 (log rank, P ¼ .001), in patients with two patent peroneal branches (log rank, P ¼ .003), and in patients with a patent pedal arch (log rank, P ¼ .0002). S.E., Standard error. before and after below-the-knee revascularization. In this series, after revascularization, separate assessment of revascularized DIR and IND angiosomes showed no significant difference of microperfusion (DIR-IND: oxygen saturation, P ¼ .39) with improvement of both DIR and IND angiosomes and no significant differences between diabetics and nondiabetics. Whereas these results may help explain our findings, they are contradictory to those of several published studies. 9, 16, 17 However, two systematic reviews 18, 19 concluded that there are limited data available to substantiate an angiosome-based model of revascularization in patients with CLTI. Bosanquet et al 19 performed an extensive review and meta-analysis with Grading of Recommendations Assessment, Development, and Evaluation along with sensitivity analysis and showed that the finding indicating improved limb salvage in DIR revascularization was not maintained and therefore should be interpreted with caution.
In another systematic review, Sumpio et al 18 analyzed 11 studies comparing limb salvage and wound healing in DIR and IND revascularization and showed that all studies exhibit heterogeneity of patient characteristics, with a lack of consistent data concerning wounds and limited information about pedal arch and foot vessels precluding accurate comparison. In our study, we carefully analyzed the angiographic data of foot collaterals of the peroneal artery through the anterior perforating branch connected to the anterior lateral malleolar artery of the dorsalis pedis and through the posterior branch connected to the posterior tibial artery with communicating branches at the level of the Achilles tendon. Even if angiography cannot ascertain the functional perfusion of a given tissue area, it underlined the importance of the collateral network outside the angiosome (Fig 1) . As shown by Osawa et al, 20 CLTI may lead to reorganization of the angiosome borders with development (Tables I and II) of the so-called choke vessels connecting separate angiosomes. In our series, meticulous workout of these patients in a foot clinic before and after revascularization also underscored the usefulness of the WIfI stage before revascularization in predicting outcomes. In our groups, grades 3 and 4 WIfI vs grades 1 and 2 WIfI were associated with a 2.5-fold increase of major amputation or death (Table III) and delayed healing (Fig 5) , underlining the importance of a complete appraisal of wound characteristics including infection, ignored in many classification systems. This study is subject to many of the limitations of a retrospective analysis of a prospectively maintained database. We attempted to control confounders by means of Cox regression analysis. The small number of patients with chronic kidney disease prevented us from studying the influence of chronic kidney disease in multivariate analysis. Of note, even if this study was retrospective, detailed information to characterize wounds was available in all patients because of our nursing organization and the daily functioning of foot clinics in our referral centers. Although by no means final, our results provide reliable data for future prospective studies.
CONCLUSIONS
Our results suggest that in patients with CLTI and tissue loss receiving a peroneal bypass, patency of both peroneal branches and pedal arch was associated with a better healing rate and amputation-free survival rate irrespective of wound angiosome location.
